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SUMMARY
1. Inspiratory output responses, measured as integrated phrenic activity, to
hypercapnia, to carotid sinus nerve stimulation, to unilateral and bilateral stimulation
of calf muscles and to combinations of these stimuli were determined in paralysed,
vagotomized and glomectomized cats whose end-tidal Pco, was kept constant by
means of a servo-controlled ventilator.
2. Confirming an earlier report (Eldridge, Gill-Kumar & Millhorn, 1981), the
inspiratory response to progressive hypercapnic stimulation of the central chemo-
receptors was not linear, and the responses to a constant carotid sinus nerve test
stimulus were progressively decreased in magnitude as the pre-stimulus level of
respiratory activity was increased by hypercapnia.
3. In contrast, the response to a test stimulus from calf muscles remained the same
at all pre-stimulus levels of respiratory activity, whether conditioned by hypercapnia
or by carotid sinus nerve stimulation.
4. Unlike the findings with chemoreceptor inputs, the combining of stimuli from
right and left muscles exhibited an algebraically additive effect on output.
5. We suggested before that the decreasing responses to identical chemoreceptor
inputs were due to progressive neuronal saturation of a common central pathway
between these inputs and the respiratory controller. The absence of such behaviour
with muscular afferent input indicates that this input does not travel to the
respiratory controller by the same pathway as that common to the chemoreceptors.
INTRODUCTION
In a recent report, we showed that the neural output response of the central
respiratory controller to chemoreceptor afferent inputs is curvilinear, i.e. identical
inputs cause progressively smaller increments of output as the pre-stimulus level of
respiratory activity increases (Eldridge, Gill-Kumar & Millhorn, 1981). Because the
effects of central and peripheral chemoreceptor (carotid body) inputs given separately
or together were the same, we concluded that the response is not due to specific
negative interactions but rather to progressive saturation of neuronal components
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of a common pathway. Since we could show that neither phrenic motoneurones nor
medullary output neurones were the site of this saturation, we suggested that the
saturation must occur in some interneuronal pool after convergence of central and
peripheral chemoreceptor inputs but ahead of medullary output neurones.
In the study noted above, we dealt primarily with the magnitude of neural
respiratory responses (tidal and minute phrenic activities) to the two chemoreceptor
inputs. However, in an earlier report Eldridge & Gill-Kumar (1980) had shown in
vagotomized cats that both inputs caused similar changes in centrally-mediated
timing variables, a finding that also suggested they were acting via a common
pathway. In contrast, stimulation of afferents from limb muscles caused different
changes in timing variables, i.e. greater frequency and shorter expiratory time, than
those associated with chemoreceptor afferent stimulation. In view of this difference,
we wondered if the effect on magnitude of respiratory activity would also be different.
Because the findings suggested that a different central neural pathway was involved
with muscular afferent input, we believed it possible that such stimulation might not
exhibit the same progressive neural saturation found with chemoreceptor inputs.
The present study was therefore designed to examine the input-output charac-
teristics of the respiratory response to muscle stimulation and to compare them with
those due to central or peripheral chemoreceptor afferent input. In order to avoid
central and peripheral feedback, the experiments were performed in paralysed
animals whose vagi and carotid sinus nerves (c.s.n.) were sectioned, and whose
end-tidal Pco, was kept constant during a given experiment by means of a
servo-controlled ventilator. Instead of using hypoxia to stimulate the carotid body,
we mimicked its afferent input by stimulating the c.s.n. electrically. This preparation
avoided the complicating effects of hypoxia on circulation of the brain, on medullary
neuronal function (Cherniack, Edelman & Lahiri, 1971), on lactic acid accumulation
(Sorenson, 1970) and on activation of diencephalic facilitatory mechanisms (Tenney
& Ou, 1977), and allowed us to examine the true neural controller responses to the
several respiratory stimulus inputs.
METHODS
We performed studies on twenty-one healthy adult cats weighing between 2-1 and 3-5 kg. They
were anaesthetized first with ether and then given chloralose (40 mg/kg) and urethane (250 mg/kg)
intravenously. Femoral artery pressure was measured by means of a strain gauge. Temperature
was monitored with a rectal thermistor and servo-controlled at 37-5°C by means of an electronic
circuit and d.c. heating pad. The trachea was cannulated through a neck incision and continuous
sampling of airway CO2 was accomplished by means of a catheter placed in the airway; analysis
was made by an infra-red CO2 analyser (Beckman LB-2).
Following these preparations, we placed the animal on a table equipped with a rigid head mount.
Both vago-sympathetic trunks were cut in the neck. One phrenic nerve root (C5) was also exposed
in the neck, cut, desheathed and placed on a bipolar platinum recording electrode. The carotid sinus
nerves were exposed and crushed near the carotid bodies; one was then placed on a bipolar platinum
stimulating electrode. Both electrodes were built into small acrylic 'boats' which were placed in
the tissue wells near the respective nerves. The only external attachment of either electrode was
its flexible wires, so stable electrical coupling between nerve and electrode was possible even during
a long experiment. The nerves and electrodes were immersed in pools of mineral oil.
The animal was then ventilated with100h 002 using a volume-cycled ventilator and was
paralysed with gallamine triethiodide, 3 mg/kg i.v. initially and followed by a continuous infusion
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at the rate of 3 mg/kg. hr to maintain paralysis. In order to prevent significant changes in end-tidal
and arterial PCO2 secondary to changes in metabolic rate or cardiac output, the d.c. voltage on the
ventilator's motor was controlled by the animal's end-tidal Pco2 (P t. co2) through an electronic
circuit. The ventilator 's rate was thereby servo-controlled to maintain Pet co, within + 0-5 torr
of a set level (Smith, Mercer & Eldridge, 1978). When hypercapnia was to be induced in an animal,
dead spaces of various sizes were introduced into the ventilatory circuit and the set-point of the
servo-controller changed to the desired level of Pco2.
Experimental protocols
Responwe to graded hypercapnia. In fifteen cats we first determined the end-tidal Pco2 at the
threshold of respiratory activity, then raised it enough (usually 1-2 torr) to induce a low level of
rhythmic activity in the phrenic nerve. After at least 15 min, when the level of activity had become
stable, we recorded all variables over a period of 1 min. We then increased Pet co, in a series of
approximately eight small steps to as high as 40 torr above threshold. At each step, we recorded
the phrenic activity and other variables after allowing them to stabilize for at least 15 min.
Response to peripheral afferent input during graded hypercapnia. In these experiments (same cats
as above) graded hypercapnia, acting through the central chemoreceptors, served as a conditioning
stimulus to raise phrenic activity in steps. At each step, we determined the phrenic response to
the same test stimulus of the carotid sinus nerve. It consisted of a train of impulses having a
frequency of 25 Hz and pulse duration of 05 msec. Its voltage was selected by its ability to evoke
a clear phrenic response without causing hypotension secondary to stimulation of baroreceptor
afferents; once set, it was not changed throughout the experiment. The stimulus was exhibited for
90 sec, sufficient time for phrenic activity to stabilize at its new level, and the response was recorded.
At each step level of Pe t coq we also measured the respiratory response to a test stimulus of
calf muscles. This involved maximal dorsiflexion of both ankles manually, keeping the knee joint
extended (Eldridge & Gill-Kumar, 1980). The stimulus was exhibited for 90 sec, again sufficient
time for the level of phrenic activity to become stable, and the response recorded. In an attempt
to provide the same magnitude of stimulus with each test in a given cat, all were performed by
the same person. In order to show reproducibility of these manual stimulations, we studied the
respiratory responses in two cats, not part of the main study, to five or more successive calf muscle
stimulations, all other conditions remaining constant. We found that the standard deviation of the
responses (peak phrenic and minute phrenic activity) to repeated stimulations was approximately
±10% of the mean in each of the two cats.
Response to afferent input from calf muscle during graded input from peripheral chemoreceptor
afferents. In these experiments (two cats) the animals were kept isocapnic at a level of Pe.t. co2 just
above the threshold for rhythmic activity. Input from the c.s.n. served as the conditioning stimulus,
which was raised in steps by increasing the voltage across the c.s.n. electrode. After phrenic activity
had become stable at each step, calf muscles were stimulated as before for 90 sec and the responses
recorded.
Response to unilateral and bilateral stimulation of calf muscle afferents. In these experiments (four
cats) Pe.t. co2 was set at a level which yielded phrenic activity in the range of the spontaneously
breathing cat before paralysis. The phrenic response to unilateral calf muscle stretching was first
determined. Then the opposite calf muscle was stimulated in the same manner and its response
measured. Finally, both calf muscles were stimulated simultaneously and the combined response
recorded.
Data analysis
Data obtained included arterial pressure, airway P'Co2, phrenic nerve impulses and markers for
the c.s.n. and calf muscle stimulations; all were recorded on magnetic tape and photographically
from an oscilloscope screen.
Breath-by-breath analysis ofall runs was performed by a computer. Phrenic activity was half-wave
rectified and integrated for each 01 sec period by means of an integrating digital voltmeter as
previously described (Eldridge, 1975). The inspiratory (tidal) output for each breath was determined
from the peak 01 sec activity. Neural minute activity was calculated as the product of this tidal
value and respiratory frequency. Rate of rise of phrenic activity for a given breath was determined
by averaging the activities at 0-4 and 0-5 sec after the onset of inspiration and computing the slope
in terms of units/sec. Since breath-to-breath variation of all of these indices of phrenic activity
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within a measurement period was consistently small (± 2 to 3 % s.E.M.), the averaged value for each
period was treated as a single measurement for purposes of analysis.
The absolute electrical activity measured from the phrenic nerve in a given cat depends upon
size of the nerve, integrity of its fibres and electrical coupling with the electrode (Eldridge, 1975).
Thus, it cannot be used among cats to make comparisons. To do this, we therefore normalized the
data by assigning a value of 100 units to the highest level of phrenic activity found in each cat




All fifteen animals were responsive to the hypercapnic stimulus acting on the
central chemoreceptors. The apnoeic threshold for the group was 28-7 torr + 1-2 S.E.M.
The averaged above-threshold responses for tidal (peak) phrenic activity, its rate of
rise and minute activity were similar in form (Fig. 1, filled circles). The differences
between tidal and rate of rise of activity were not different at P > 005. Minute
activity was different (P < 005) from the other two indices because of changes in
frequency due to progressive hypercapnia (see Fig. 3). All three indicators of
respiratory activity showed a clear tendency for the response lines to curve to the
right, showing that there were progressively smaller increments of activity for equal
increments of PCO2 as the latter became higher.
Responses to carotid sinus nerve or calf muscle stimulation during graded hypercapnia
In addition to the changes in the various indices of phrenic activity during step
increases ofC02 alone, Fig. 1 shows the activities that resulted when a constant c.s.n.
test stimulus was added to that of the hypercapnia (Fig. 1 A, tidal; Fig. 1 B, rate of
rise; Fig. 1 C, minute) or when a standard calf muscle test stimulus was added to that
of the hypercapnia (Fig. 1 D, tidal; Fig. 1 E, rate of rise; Fig. 1 F, minute).
At all levels of C02, both types of test stimulation caused respiratory output to
increase. However, it is apparent that the increasing hypercapnic input affected the
response to c.s.n. stimulation differently than it affected the response to calf muscle
stimulation. This is shown in Fig. 2 where only the changes of respiratory activity
caused by the test stimuli are plotted against the level of C02. The magnitude of the
response of all three indices of respiratory activity to the same c.s.n. stimulus
decreased progressively as the PCO2 became higher (Fig. 2A, B and C). In contrast,
responses to a standard stimulus of calf muscle either did not change significantly
(Fig. 2D tidal; Fig. 2E rate of rise) or increased slightly (Fig. 2F, minute activity)
as the level of C02 rose.
The effects on respiratory timing variables of the hypercapnic conditioning
stimulus are shown in the left hand panels of Fig. 3. These included a progressive
decrease ofinspiratory time (t1) as Pe t C02 increased to 42 torr above apneic threshold
and an initial fall of expiratory time (tE) as Pe.t. co, increased above threshold,
followed by a progressive increase as PCO2 rose further. Respiratory frequency
increased and then fell as Pe t C02 rose to 42 torr above threshold.
The panels at the right of Fig. 3 show the changes in timing variables brought about
by adding carotid sinus nerve or calf muscle stimulations at each level of hypercapnic
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Fig. 1. Lower curves and filled symbols (0, all panels) show relationship between three
indices of phrenic nerve activity and above-threshold increment of end-tidal Pco,. Upper
curves and open symbols show indices of phrenic activity at all levels of hypercapnic
conditioning during added test stimuli from carotid sinus nerve (c.s.n.) (0. panels A, B
and C) and during added test stimuli from peripheral muscle afferents (A, panels D, E
and F). The vertical height of the shaded area represents the response to the test stimulus.
Bars in this and subsequent figures represent s.E. of mean.
caused an increase of frequency due to shortening of both tj and tE. Carotid sinus
nerve stimulation, on the other hand, caused a small decrease of frequency; this was
due to a slight prolongation of tE with no significant change of t1. Except at the lowest
level of Pe.t.Co (1 torr above threshold where control frequency was low and both
tj and tE were quite long), changing the control levels of phrenic activity through
hypercapnic conditioning had no significant effect on the magnitude of timing
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Response to calf muscle 8timulation during graded carotid 8inue nerve stimulation
In these three experiments, graded stimulation of the c.s.n. replaced hypercapnia
as the conditioning stimulus that raised inspiratory activity in steps. At each step,
the addition of a standard stimulus of the calf muscles caused increases of both tidal
phrenic activity and respiratory frequency (Fig. 4). The magnitudes of these changes
were unaffected by changes of the initial level of activity caused by the graded c.s.n.
stimulation.
C.s.n. stimulation Calf muscle
stimulation
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Fig. 2. Relationship between hypercapnic conditioning stimulation and phrenic responses
to a test stimulus from the carotid sinus nerve (c.s.n.) (O. panels A, B and C) and to a
test stimulus from muscle afferents (E, panels D, Eand F). Note that all indices ofphrenic
response to the c.s.n. stimulus become progressively smaller as hypercapnic conditioning
increases, whereas to the calf muscle stimulus they remain constant (panels D, and E) or
increase (panel F).
Responses to unilateral and bilateral calf muscle stimulation
The responses to separate stimulations of the right or left calf muscle in six
experiments are shown in Fig. 5A (neural tidal activity) and Fig. 5B (neural minute
activity). The figure also shows the responses to combined right and left sided
stimulation that would be predicted if the inputs had a simply additive effect
(hatched columns), and the actual responses (filled columns) to bilateral stimulation.
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All of the values have been scaled as percentages of the bilateral responses. It is
apparent that the responses to the separate stimuli do approximately add when the
stimuli are combined. Thus, the input-output relationship of calf muscle stimulation
shows no evidence of progressive saturation.
Effects of stimulation on arterial pressure
The mean arterial pressure was 118 mmHg when Pet. Co2 was just above the
threshold for rhythmic activity. Progressive hypercapnia led to a progressive
* Hypercapnia alone o C.s.n. stimulation
A Calf muscle stim.
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Fig. 3. Relationship between hypercapnic conditioning stimulation and timing variables
(panels on left). Panels on right show changes in timing variables due to carotid sinus nerve
(c.s.n.) test stimuli (0), or to stimulation of calf muscles (A).
decrease of pressure to 82 mmHg when P t. coCo was 40 torr above threshold
(Fig. 6). Carotid sinus nerve stimulation caused no significant change in pressure
at any level of hypercapnia. Stimulation of calf muscle, on the other hand, caused
large increases in arterial pressure, but the increment was the same at all levels of
hypercapnia.
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Fig. 4. Shaded portions of columns represent tidal phrenic activity and frequency during
no stimulation (left columns) and increasing conditioning stimulation of one carotid sinus
nerve. Open portions of columns represent phrenic responses to added test stimulation
of calf muscles. Note that increasing phrenic activity due to the conditioning has no effect



















Fig. 5. Dotted columns show increments of neural tidal (phrenic) activity (A) and neural
minute activity (B) during right or left unilateral stimulations of calf muscles. Hatched
columns represent the response predicted from the simple addition of the responses to each
separate stimulation. Filled columns show the actual response to bilateral stimulation of









In this study we have confirmed our previous finding (Eldridge, Gill-Kumar &
Millhorn, 1981) that the magnitude of the inspiratory output response, as measured
by indices of phrenic nerve activity, is not linear with respect to progressive
increments of central chemoreceptor input. We have also shown that increasing PCO2
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Fig. 6. Arterial pressure during hypercapnic conditioning stimulation (O), during added
carotid sinus nerve (c.s.n.) test stimulation (0) and during added calf muscle test
stimulation (A).
slight fall ofrespiratory frequency, a result consistent with that reported by Kobayasi
& Murata (1979), and one that explains the slight difference in the response curve
for minute phrenic activity compared to those for tidal and rate of rise of activity.
We, and Kiwull, Kiwull-Sch6ne & Klatt (1976), had also shown that the phrenic
nerve, or ventilatory, responses to a constant chemoreceptor afferent (c.s.n.) test
stimulus became progressively smaller as the prestimulus level of respiratory activity
was raised by stimulation of either the central chemoreceptors (hypercapnia) or the
opposite carotid sinus nerve. The present study confirms these findings.
In contrast to the response to chemoreceptor input, the present study shows that
the response to a test stimulus from limb muscles does not become smaller as the
prestimulus level of activity rises during conditioning stimulation from either the
central chemoreceptors (hypercapnia) or the carotid sinus nerve (electrical). In the
case of neural tidal and rate of rise of phrenic activity, neither of which is dependent
on respiratory frequency, the response is simply additive to the pre-existing level of
activity. Because of the effect of muscle stimulation on frequency, the response of
minute activity actually increases as conditioned activity rises.
We suggested before that the decreasing responses to identical chemoreceptor
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inputs were due to progressive neuronal saturation of a common central pathway
between these inputs and the respiratory controller (Eldridge et al. 1981). In the
present study, the failure of the output response to muscular afferent input to
exhibit such progressive saturation suggests that the input does not travel to the
controller by the same pathway as that from the chemoreceptors. The same con-
clusion can also be reached from the difference in effects on timing mechanisms
shown here and in an earlier report (Eldridge & Gill-Kumar, 1980).
It was to determine whether increasing input from muscle would lead independently
to progressive saturation of the output response that we studied the responses to
unilateral and bilateral stimulation of calf muscles during constant chemoreceptor
input. In our earlier similar experiments with carotid sinus nerves, the combined
inputs did not have an algebraically additive effect (Eldridge et al. 1981). In contrast,
the present study showed that the muscular inputs do have an additive effect on
output response. Thus, in the range studied, there was no saturation of the response
to muscular input. This finding provides additional support for the existence of
separate central pathways for the muscular and chemoreceptor inputs to the
controller.
Not much is known about central pathways of input from peripheral muscles that
effect respiration, but there are some findings consistent with our suggestion that they
are not the same as those of the chemoreceptors. Stimulation of nerves from hind
or forelimb muscles can evoke action potentials in neurones in the anterior lobes of
the cerebellum (Eccles, Provini, Strata & Taborikova, 1968). Panda, Senapati, Parida
& Fahim (1979) showed that cooling or ablation of the anterior lobe of the cerebellum
reduces the ventilatory response to pressure or stretching stimulation of the
gastrocnemius muscle. Finally, we have reported in preliminary form experiments
which show that cooling of the intermediate I(s) areas on the ventral surface of the
medulla effectively interferes with transmission to the respiratory controller of
central and peripheral chemoreceptor inputs (Millhorn, Eldridge & Waldrop, 1980),
but that it has no effect on transmission ofinput from calf muscles (Millhorn, Eldridge
& Waldrop, 1981).
We have considered other factors that might affect the interpretation ofour results.
Our preparation ruled out influences from vagal and carotid body receptors, changing
input from intercostal muscle afferents and the complicating effects ofhypoxia acting
on brainstem neurones or on the cerebral circulation.
We have addressed the question of reproducibility of the physical stimulation of
the calf muscles. The differences that we found on repeated stimulations were too
small and random to have affected our results in any significant way.
It has been shown that stimulation of calf muscles has, in addition to its central
facilitatory effect on magnitude and timing, an inhibitory effect on phrenic moto-
neurones at the spinal level (Eldridge, Gill-Kumar, Millhorn & Waldrop, 1981). This
mechanism might have affected the magnitude ofthe tidal phrenic response to muscle
stimulation. However, since all stimulations were the same, the effect would have been
similar at all levels of central or peripheral chemoreceptor conditioning and should
not affect the interpretation of our results.
Increasing hypercapnia in our experiments was associated with a progressive
decrease in arterial pressure, but the mean was still over 80 mmHg when the end-tidal
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PCO, was 40 torr above threshold. If the lower pressure had led to any reduction in
cerebral blood flow, the effect would have been an increase of extracellular fluid Pco2,
which would cause a greater increase in respiratory output rather than the
progressively smaller increase that we found. Although stimulation of calf muscle
afferents had a strikingly different effect, i.e. an increase, on arterial pressure from
c.s.n. stimulation, which had little effect, the difference cannot explain our findings
since the changes were the same in direction and magnitude at all levels of
hypercapnic conditioning.
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